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Abstract: Reduction of aluminum(III),  gallium(III) and indium(III) chloride phthalocyanines by 
sodium fluorenone ketyl in the presence of tetrabutylammonium cations yielded crystalline salts 
(Bu4N
+)2[M
III(HFlO)(Pc3)](Br)1.5C6H4Cl2 (M = Al (1), Ga(2),  HFlO = Fluoren-9-olato 
anion) and (Bu4N
+)[InIIIBr(Pc3)] 0.875C6H4Cl20.125C6H14 (3). The salts contain Pc3 radical 
anions with negatively charged phthalocyanine macrocycles evidenced by the presence of intense bands 
of Pc3 in the NIR range and noticeable blue shift of both Q- and Soret bands of phthalocyanine. The 
metal(III) atoms coordinate HFlO anions in 1 and 2 with short Al-O and Ga-O bonds of 1.749(2) and 
1.836(6) Å, respectively. The HFlO anions have longer C-O bonds (1.402(3) and 1.391(11) Å, 
respectively) than those observed for fluorenone ketyl (1.27-1.31 Å). Salts 1-3 show effective magnetic 
moments of 1.72, 1.66 and 1.79 B at 300 K due to the presence of unpaired S = 1/2 spins on Pc3. 
These spins are coupled antiferromagnetically with Weiss temperatures of -22, -14 and -30 K for 1-3, 
respectively. Coupling can occur in the corrugated two-dimensional phthalocyanine layers of 1 and 2 
with exchange interaction of J/kB = -0.9  -1.1 K and -stacking {[InIIIBr(Pc3)]}2 dimers of 3 with 
exchange interaction of J/kB = -10.8 K. The salts show intense EPR signals attributed to Pc
3. It was 
found that increasing size of central metal atom strongly broadens these EPR signals. 
 
Introduction 
Metal phthalocyanine (MPc) in radical cation or radical anion state can show promising magnetic and 
conducting  properties.[1-20] For example, electrochemical or chemical oxidation of neutral MIIPc's or 
electrochemical oxidation of the {MIII(CN)2Pc} anions allow the preparation of compounds with 
metallic conductivity which in some cases is stable down to liquid helium temperatures.[1-3] Oxidation 
of unsubstituted and substituted manganese(II) phthalocyanines by organic -acceptor 
tetracyanoethylene yields coordination chain compounds with ferrimagnetic ordering of spins.[4, 5] 
Reduction of MPc's is also intensively studied.[6-18] Interest to this field is evoked by the prediction 
of metallic conductivity or superconductivity in electron doped MPc's[21] and the observation of 
ferrimagnetic ordering of spins in (Cp*2Cr
+)[FeI(Pc2)]4C6H4Cl2 with chains of alternating iron(I) 
phthalocyanine anions (FeI, S = 1/2) and decamethylchromocenium cations (CrIII, S = 3/2)[22]. Up to 
now, several types of anionic metal phthalocyanines were obtained as crystals and structurally 
characterized. A series of the (C+)[M(Pc3)] salts (M = H2, Ni
II, CuII, PbII, SnII, TiIVO, VIVO, SnIVCl2) 
with tetraalkylammonium cations (C+) was obtained allowing the analysis of properties of metal 
phthalocyanines with the reduced phthalocyanine macrocycle in solid state[6-8]. Reduction is also 
centered on the phthalocyanine macrocycle in [(K+)2(DME)4][Mg
II(OH)(Pc3)] (DME is 1,2-
dimethoxyethane), [MIII(MeIm)2(Pc
3)] (M = Al






radical trianion (3) and tetraanion (4) phthalocyanine macrocycles[9-14]. Reduction of iron and cobalt 
phthalocyanines is centered on the metal atoms forming the [FeI(Pc2)], [CoI(Pc2)] and [Fe0(Pc2)]2 
anions[15-18]. Iron(II) hexadecachlorophthalocyanine forms salts with effective - stacking or a layered 
arrangement of phthalocyanine macrocycles[19, 20]. 
In the studies of metal phthalocyanine reduction by sodium fluorenone ketyl in the presence of 
tetrabutylammonium cations, we found that generally metal phthalocyanine radical anions [MII(Pc3)] 
are formed which can be crystallized as tetraalkylammonium salts [6]. Contrary, the reduction of 
aluminum(III) and gallium(III) chloride phthalocyanines in the same conditions results in the chloride 
anion substitution at the metal(III) atoms by the fluoren-9-olato anions (HFlO). This ability is 
explained by high affinity of these metals to oxygen containing ligands. Previously coordination 
complex of such type was obtained with boron subphthalocyanine. Coordinated fluorenone ketyl 
dimerized in this complex to form dimeric [(BIIISubPc+)2(Fl-O)2] species which were cocrystallized 
with fullerene C60.
[23] Indium(III) chloride phthalocyanine  does not tend to coordinate the HFlO 
anions and instead of that chloride anions are substituted by bromine anions at the indium(III) atoms to 
form the [InIIIBr(Pc3)] radical anions. In this work we discuss crystal structures, optical and magnetic 
properties of the (Bu4N
+)2[M
III(HFlO)(Pc3)](Br)1.5C6H4Cl2 (M = Al (1), Ga (2)) and 
(Bu4N
+)[InIIIBr(Pc3)]0.875C6H4Cl2 0.125C6H14 (3) salts which are paramagnetic due to the 
presence of spin on the Pc3  macrocycle and show magnetic exchange interactions. 
 
Results and discussion 
a. Synthesis.  
Salts 1 and 2 were synthesized in pure o-dichlorobenzene by the reduction of AlIIICl(Pc2) and 
GaIIICl(Pc2) with an excess of sodium fluoreneone ketyl in the presence of an excess of 
tetrabutylammonium bromide, respectively. The reaction mixture is turned to a deep blue solutions, 
which is the characteristic color for reduced phthalocyanine macrocycles.[6] Additionally, chloride 
anions bonded to metal(III) atoms were substituted with fluorenone forming new coordination 
assemblies. When the coordination unit contains Fl=O (Fl=O: Fluorenone ketyl), Pc3 can show 
strong magnetic coupling with this paramagnetic species. However, structural, optical and magnetic 
properties of both salts indicate the presence of diamagnetic fluoren-9-olato (HFlO) anion which is 
the deprotonated anion of fluorenol – alcohol derivative of fluorene (possibly the Fl=O radical anions 
abstract hydrogen atoms from solvent molecules). The singly bonded ketyl dimers (FlO)2 [23, 24] are 
not formed in 1 and 2. In contrast to AlIIICl(Pc2) and GaIIICl(Pc2), the HFlO anion is not coordinated 
to the indium(III) atoms of InIIICl(Pc2). Instead of that, chloride anion at InIII is substituted with the 
bromide anions originated from (Bu4N
+)(Br) used in excess in the synthesis. Previously substitution of 
Cl by Br was found in the tetrabutyl- and tetraethylammonium salts containing indium(III) bromide 
phthalocyanine and fullerene C60 radical anions. The starting compound in this synthesis was also 
InIIICl(Pc2).[25]  
b. Optical properties.  
The spectra of starting AlIIICl(Pc2) and salt 1 in KBr pellets are shown in Fig. 1a. The spectrum of 
AlIIICl(Pc2) shows the typical feature of metal phthalocyanines in solid state exhibiting the split Q-band 
positioned in the visible range at 647, 715 (maximum) and 811 nm and the Soret band positioned at 356 
nm. The formation of 1 strongly affects the optical spectrum. An intense band is manifested in the NIR 
range at 1001 nm and essentially weaker bands can be found at 924 and 843 nm (Fig. 1a). The lowest 
energy band is attributed to Pc3 and these bands can be found in the spectra of all metal 
phthalocyanines with the reduced phthalocyanine macrocycle. The transition energy of this NIR 
absorption band is slightly affected by the central metal atom and shifts from 920 (CuII) to 1040 nm 
(SnII).[6] The [FeI(Pc2)] and [CoI(Pc2)] anions with the reduced central metals do not show such 
bands.[17-20] Reduction of the Pc macrocycle in 1 strongly blue shifts the Q and Soret bands of 
phthalocyanine which are manifested as a split band at 590 and 629 nm in the visible range and a single 
band at 334 nm in the UV range, respectively. Such shifts are observed in the salts with [M(Pc3)] (M 
=  H2, Ni
II, CuII, PbII, SnII, TiIVO, VIVO, SnIVCl2).
[6-8] Similar behavior is demonstrated by salts 2 and 3 
(Fig. 1b and 1c, respectively). Starting GaIIICl(Pc2) has the position of the Q- and Soret bands in the 
spectrum at 664, 715 (maximum) and 343 nm, whereas the positions of these bands for InIIICl(Pc2) are 
at 666, 727 (maximum) and 372 nm, respectively. As in 1, the formation of 2 and 3 is accompanied by 
the appearance of new bands in the NIR range at 1007 and 1013 nm, respectively and strong blue shifts 
of the Q and Soret bands to 594, 627 and 330 nm (2) and 596, 634, 704 and 335 nm (3). Such changes 
can be attributed to the formation of Pc3.  
IR-spectra of starting phthalocyanines and salts 1-3 in KBr pellets are shown in Supporting 
information (Table S1 and Figs. S1-S3). The absorption bands of all the components can be found in the 
spectra of the salts with small shift (up to 8 cm-1) relative to the starting compounds. The formation of 1 
and 2 affects the spectrum of starting fluorenone ketyl radical anions whose spectrum was obtained for 
the (Na+)(Fl=O) salt. The intense C=O stretching mode bands at 1609 and 1674 cm-1 observed for 
sodium fluorenone ketyl salt are disappeared, which is regarded as the result of the conversion of double 
C=O bond in Fl=O to a single C-O bond in the HFlO anion. A similar spectrum is observed for 3 
excepting the absorption bands of the HFlO anions. 
 
 
Fig. 1. Spectra of starting metal(III) chloride phthalocyanine and salts 1 (a); 2 (b) and 3 (c) in the UV-
visible-NIR range measured at room temperature in KBr pellets prepared for salts in anaerobic 
conditions.  
 
c. Crystal structures 
Salts 1 and 2 are isostructural and have monoclinic unit cell (Fig. 2a). There are two Bu4N
+ cations and 
one Al3+ per formula unit. The +5 charge is compensated by one bromine Br anion, one HFlO anion 
and phthalocyanine macrocycle having 3 charge to be in the radical trianion Pc3 state. Unusual 
feature of both salts is the presence of p-dichlorobenzene molecules in one position of 1 with the 0.5 
occupancy and in one position of 2 with the 0.356(4) occupancy. Since isomerically pure o-
dichlorobenzene was used in the synthesis, it is most plausible that AlIIICl(Pc2) and GaIIICl(Pc2) play a 
role of catalyst for isomerization of o-dichlorobenzene since AlCl3 is known to isomerize o-
dichlorobenzene to p-dichlorobenzene[26]. It is seen that GaIIIClPc is less effective than AlIIIClPc and 
InIIIClPc is ineffective for isomerization o-dichlorobenzene since in case of 2 mixture of p- and o-
dichlorobenzene molecules is formed but only o-dichlorobenzene molecules are found in 3. Other metal 
phthalocyanine [M(Pc3)] salts (M = SnII, PbII, TiIVO, SnIVCl2) also contain only o-dichlorobenzene 
molecules.[6-8] 
Geometric parameters of aluminum(III) and gallium(III) phthalocyanines in 1 and 2 are listed in 
Table 1. Since geometry of AlIIICl(Pc2) is unknown and structure of GaIIICl(Pc2) is determined only 
by the Rietveld method,[33] it is impossible to determine correctly how reduction affects geometry of 
AlIIIClPc and GaIIIClPc. The average MIII-N(Pc) bonds are shorter for AlIII (1.975(3) Å) than for GaIII 
(1.996(7) Å). As a result, the AlIII atoms have slightly smaller displacement from the 24-atom Pc plane 
than the GaIII atoms (0.518 vs 0.534 Å, respectively). The metal(III) atoms come out of the Pc plane due 
a b c 
to coordination of bulky HFlO anions (Fig. 2a). The AlIII-O and GaIII-O bond lengths are only 
1.749(2) and 1.836(6) Å, respectively. Such length is typical for coordination compounds of AlIII and 
GaIII with oxygen containing fluorenone based ligands (see Table 1).  
Neutral 9-fluorenone and fluorenone ketyl radical anions are nearly planar with the maximal 
deviation of oxygen atom from the 13-atom fluorenone plane by 0.136 Å (Table 1). The C=O bond 
length in these units is close to the length of normal double C=O bonds. The length is 1.22-1.28 Å for 
neutral 9-fluorenone and 1.27-1.31 Å for the fluorenone ketyl radical anions (Table 1). The C-O bonds 
essentially elongated to 1.41-1.44 Å in the HFl-O anions or dimeric fluorenone ketyls (Table 1). As a 
result, oxygen atoms distinctly deviate from the 13-atom fluorenone plane, namely, by 0.77-1.07 and 
0.78-1.02 Å, respectively. The geometry of fluorenone units in 1 and 2 shows the strong deviation of 
oxygen atoms from the 13-atom fluorenone plane by 0.84-0.85 Å and essential elongation of the C-O 
bonds up to 1.38-1.40 Å, and hence it is concluded that HFlO anions are formed in these salts (Table 
1). 
The main structural motif of salts 1 and 2 is chains composed of the [MIII(HFlO)(Pc3)] radical 
anions and channels formed by four TBA+ cations occupied by two Br anions, both are arranged along 
the a-axis (Fig. 3a). The planes of HFlO anions in these chains are nearly parallel and locate close to 
each other, and the dihedral angle between the planes is close to 0o and the interplane distance is 3.56 Å 
(Fig. 3c). Phthalocyanine chains are arranged in a crystal in such a way that Pcs from different chains 
form corrugated nearly square layers parallel to the ab plane (Fig. 3b). There are several short side-by-
side van der Waals C,N···C,N contacts between Pcs in these layers which are shown by green dashed 
lines in Fig. 3b.  
In contrast to AlIIIClPc and GaIIIClPc, InIIIClPc is not coordinated by the HFl-O anions. In this case, 
chloride anion is substituted by bromide anion during the reduction in the presence of an excess of 
(Bu4N)Br to form [In
IIIBr(Pc3)]. Due to larger size of indium(III) atom, it shows the strong shift by 
0.77-0.81 Å from the 24-atom Pc plane. The average length of the In-N(Pc) bonds of 2.11-2.12 Å is 
essentially longer than those for AlIII and GaIIIPc (Table 1).  
The phthalocyanine macrocycle has longer and shorter N-C bonds with pyrrole and imine nitrogen 
atoms. There is no alternation of these bonds in the 2 charged macrocycles. Longer C-Npyr bonds are 
not alternated in 1-3 (Table 1). Changes in the C-Nimine bonds are within the experimental error for 1 and 
2. Noticeable alternation of these bonds is only found in 3 (Table 1). This alternation is realized by such 
a way that four bonds belonging to two oppositely located isoindole units are longer than four other 
bonds belonging to two different oppositely located isoindole units. Such alternation is characteristics of 
Pc3 and is observed due to partial disruption of aromaticity of the Pc macrocycle at the transition from 
stable 18--electron system of Pc2 to less stable 19--electron system of Pc3.[6-8]  
The [InIIIBr(Pc3)] radical anions form -stacking {[InIIIBr(Pc3)]}2 dimers in 3. View on this 
dimer along the In-Br  
bond is shown in Fig. 4a. The Pc macrocycles are strongly shifted in these dimers in such a way that 
isoindole unit of one phthalocyanine is positioned over the half of the 24-atom Pc macrocycle of 
neighboring Pc. Interplanar distance in this case is 3.23 Å, and 10 short van der Waals C,NC,N 
contacts are formed within the dimers (Fig. 4b). Crystal structure of 3 is shown in Fig. 4b. It contains 
the alternating layers of {[InIIIBr(Pc3)]}2 dimers and TBA
+  along the c-axis (Fig. 4b). The anionic 
dimers are isolated from each other and have no short van der Waals contacts with the neighboring ones 
(Fig. 4b). 
 
Fig. 2. Independent components in the crystal structure of: (a) salt 1 (the same for 2) and (b) 3.  






Fig. 3. Crystal structure of 1: (a) view along the a axis and phthalocyanine layers; (b) view on the 
phthalocyanine layers positioned parallel to the ab plane; (c) view on phthalocyanine chains arranged 
along the a axis. Solvent molecules are not shown for clarity. The van der Waals C,N···C,N contacts 








Fig. 4. a). View on the {[InIIIBr(Pc3)]}2 dimer along the In-Br bond. The most distant of the two Pc 
macrocycles is shown by yellow color; b). Layers from the {[InIIIBr(Pc3)]}2 dimers are positioned in 
the ab plane. The van der Waals C,N···C,N contacts between phthalocyanine macrocycles are shown by 








Table 1. Geometric parameters of phthalocyanine macrocycle and fluorenone units in salts 1-3 and those of reference compounds containing 
neutral fluorenone, the HFl−O− anions and monomeric and dimeric fluorenone ketyls. 
Compound 
 
Geometry of phthalocyanine   Geometry of fluorenone units 












C-O, Å Deviation of O 
atoms from 13-atom 
fluorene plane 
{(BSubPc)2(Fl-O)2}C60 
2C6H4Cl2 (fluorenone ketyl 
dimer)[23] 

















(Br)1.5C6H4Cl2 (2),  
(fluoren-9-olato anion) 








0.875C6H4Cl20.125C6H14  (3) 























9-fluorenone[27] -    1.217(3) 0.004 
(9-fluorenone)(AlCl3)C7H8 
(neutral fluorenone)[28] 
  1.756(3)  1.283(4) 0.006 
(9-fluorenone)(GaCl3)C7H8 
(neutral fluorenone)[28] 




(fluorenone ketyl radical anion)  
[29] 
  2.314(5)  
NaI-O 
 1.272(5) 0.135 
C51H70O5SmC6H6   (fluorenone 
ketyl radical anion)[30] 
  2.159(5) 
SmIII-O 
 1.313(5) 0.010 
C62H56AlN2O2CH2Cl2 
(fluorenone ketyl dimer)[23] 










  1.807(4) 
VV-O 
 1.4454) 0.785 
C40H37AlN4O2CH2Cl2  
(fluoren-9-olato anion)[32] 
  1.743(4) 
AlIII-O 
  1.411(5) 1.021 
d. Magnetic properties. 
Magnetic properties of 1-3 were studied by SQUID and EPR techniques. The salts show effective 
magnetic moments of 1.72, 1.66 and 1.79 B at 300 K (Figs. 5a, S4a and S5a, respectively) due to the 
presence of unpaired spins on the Pc3 macrocycle, whereas the HFl-O anions are diamagnetic and do 
not contribute to magnetic susceptibility of 1 and 2. Weiss temperatures estimated in the 40-300 K 
range of -22, -14 and -30 K (Figs. 5b, S4b and S5b, respectively) show antiferromagnetic coupling of 
spins while no magnetic ordering is observed down to 1.9 K. Magnetic moments are constant at high 
temperatures but decrease with temperature approximately below 200 K most probably due to 
antiferromagnetic coupling of spins. Fitting of the experimental data for 1 and 2 by the Heisenberg 
model for antiferromagnetic coupling of spins in the two-dimensional square layers[34] was made with 
exchange interaction of J/kB = − 1.1 (1) and -0.9 K, respectively (Figs. S7 and S8, respectively). The 
relatively weak magnetic coupling is most probably realized in the two-dimensional corrugated 
phthalocyanine layers since phthalocyanines form distorted but nearly square arrangement with side-by-
side van der Waals CC contacts between Pc3 parallel to the ab-plane (Fig. 3b). Experimental data for 
3 can be fitted in the 12-300 K range by the Heisenberg model for pairs of antiferromagnetically 
coupling spins[35] with exchange interaction of J/kB = -10.8 K (Fig. S9). This magnetic coupling is most 
probably realized within isolated -stacking {[InIIIBr(Pc3)]}2 dimers (Fig. 4b). It should be noted that 
in case of 3 intradimer magnetic coupling is essentially stronger than those in salts 1 and 2 but less 







Fig. 5. Temperature dependences of effective magnetic moments for polycrystalline 1 (a); temperature 
dependences of reciprocal magnetic susceptibility for polycrystalline 1 (b). 
 
Salt 1 shows an intense narrow Lorentzian EPR signal with g = 1.9987 and the linewidth  (H) of 
0.474 mT at 298 K for 1 (Fig. 6a). Obviously this signal can be attributed to Pc3. Comparing to this, 
the H2Pc radical anion shows a slightly narrower EPR signal with H = 0.1-0.2 mT.[6, 36] The signal 
a 
b 
exhibits nearly temperature independent g-factor and H down to down to 100 K and is split into two 
lines below this temperature (Fig. 6b). Both lines are noticeably broadened below 50 K and their g-
factors shift into opposite directions (Figs. 6c and 6d). These lines have g1 = 2.0007 and H = 0.525 mT 
and g2 = 1.9946 and H = 1.217 mT at 4.2 K. The observed broadening and g-factor shift can be 
attributed to the antiferromagnetic coupling of spins observed in 1 in the phthalocyanine layers. 
 
 
Fig. 6. The EPR signal of polycrystalline 1 at 298 (a) and 49 K (b). In (b), the fitting of the signal by 
two Lorentzian lines is shown in middle and bottom; temperature dependence of g-factor (c) and 
linewidth (d) of the EPR signal of polycrystalline 1. The EPR signal splitting temperature into two lines 
is marked as T). 
 
  Salt 2 has crystal structure similar to that of 1 but weaker antiferromagnetic coupling of spins in the 
phthalocyanine layers. It shows an essentially broader EPR signal which can be approximated by two 
Lorentzian lines. The main line has g1 = 1.9988 and H = 3.27 mT at 293 K (Fig. S6a). The narrower 
line with g2 = 2.0012 and H = 1.02 mT at 293 K has essentially smaller intensity which is only few 
percent of that of the broad signal. The g-factor of narrower signal is nearly temperature independent 
(Fig. S6c), and becomes slightly narrower with temperature decrease down to 4.2 K (Fig. S6d). The 
narrower line can originate from impurities. The main broad line strongly narrows with the temperature 
decrease (Fig. S6d). Below 170 K this line splits in two lines, and three lines are observed below 70 K. 





lines below 70 K (Fig. S6b). In contrast to 1, no essential broadening of the EPR signal is observed for 2 
at low temperatures.  
In contrast to 1 and 2, salt 3 has an asymmetric signal even at room temperature with g1 = 1.9857 
(H = 14.18 mT) and g2 = 1.9968 (H = 9.68 mT) (Fig. 7a, 295 K). Both lines have nearly equal 
integral intensities and are very broad in comparison with those of 1 and 2. One of the lines is spilt into 
two lines below 80 K, and totally three lines appear below this temperature (Figs. 7b-d) showing 
anisotropy of the EPR signal from 3. All three lines are slightly broadened below 50 K most probably 
also due to antiferromagnetic coupling of spins within the dimers.  
 
 
Fig. 7. EPR signal of polycrystalline 3 at 295 (a) and 4.2 K (b). In (b), the fitting of the signals by two 
Lorentzian lines is shown in middle and bottom; Temperature dependence of g-factor (c) and linewidth 
(d) of EPR signal of polycrystalline 3. Temperature of EPR line splitting into two lines is marked as T. 
 
It is seen from the analysis of the EPR data for salts 1-3 that in all cases EPR signals are anisotropic 
and split into 2-3 lines at low temperatures. It was found that the size of central metal atom affects 
strongly the width of EPR signals from Pc3 (the maximal width is attained for the EPR signal of 3 
(InIII) and the minimal width is attained for the EPR signal of 1 (AlIII)). The signals have g-factors 
smaller than 2.0000 and the smallest g-factor values were found for 3 (InIII). Antiferromagnetic 
coupling of spins is regarded to result in the broadening of EPR lines which is most effectively takes 
place in 1 below 50 K, while absent in 2 and only weakly works in 3 below 50 K. Previously EPR 





3 were analyzed. In these cases both signals were rather narrow with H = 0.55-0.65 mT 
and g-factor was in the 2.00011- 2.0028 range.[10] 
 
e. Theoretical analysis 
In order to clarify molecular and spin structures theoretically, the full geometry optimization in the 
doublet state of [AlIII(HFlO)(Pc3)], and the singlet and triplet states of [Al(Fl=O)(Pc3)]2 were 
performed at the UM11/6-31+G(d,p) level of theory, where the X-ray structure of 1 was used as initial 
structure. Total and relative energies, number of imaginary frequency, ⟨S2⟩ values, and charge and spin 
densities are summarized in Tables S2 and S3.  
 
 
Fig. 8.  (a) Top and (b) side views of optimized structure in the 2A state of [Al(HFlO)(Pc3)] at the 
UM11/6-31+G(d,p) level of theory. (c) Top and (d) side views of the spin density distribution, where 
the isosurface value is 0.0016 electron/au3. The isosurfaces in blue and green denote the positive and 
negative spin density, respectively 
 
The optimized structures in the 2A state of [Al(HFlO)(Pc3)] and the 1A state of 
[Al(Fl=O)(Pc3)]2 are shown in Figs. 8 and S10. The oxygen atom obviously shows the out-of-plane 
deviation from the fluorene plane in the optimized structure of [Al(HFlO)(Pc3)] (Fig. 8), whereas 
oxygen atom lies on the fluorene plane in [Al(Fl=O)(Pc3)]2 (Fig. S10). Spin density of almost unity 
localizes on the Pc ligand in [Al(HFlO)(Pc3)], indicating that the magnetic property stems from 
the π-radical spin on the Pc3 radical anion (Figs. 8c and 8d, Table S3). However, two moieties of Pc 
ligand and fluorenone show the radical character in [Al(Fl=O)(Pc3)]2 (Fig. S10 and Table S3). 
Therefore, it is obvious that the experimental results support the existence of [Al(HFlO)(Pc3)] in 1 
rather than [Al(Fl=O)(Pc3)]2.  
 
Conclusion 
Tetrabutylammonium salts of aluminum(III), gallium(III) and indium(III) phthalocyanine chlorides 
were obtained as single crystals. In contrast to previously studied phthalocyanines of NiII, CuII, SnII, PbII, 
H2, Fe
II, TiIVO and VIVO, aluminum(III) and gallium(III) strongly tend to be coordinated by oxygen 
containing fluoren-9-olato anion which is most probably formed by hydrogen abstraction from solvent 
by fluorenone ketyl reductant. AlIIIClPc and GaIIIClPc in the reduced form show catalytic activity in 
conversion of o-dichlorobenzene to p-dichlorobenzene. Indium(III) phthalocyanine does not coordinate 
to the HFl-O anion. Instead of that a bromide anion from Bu4NBr substitutes a chloride anion at 
indium(III) atoms. Reduction of these metal phthalocyanines is accompanied by the formation of Pc3 
providing strong blue shift of the Q and Soret bands of Pc, the appearance of new NIR bands at 1007-
1013 nm, and partial disruption of aromaticity of the Pc macrocycle evidenced for 3.  The Pc3 species 
have S = 1/2 spin state in 1-3 and spins of the macrocycles are antiferromagnetically coupled in two-
dimentional layers of 1 and 2 and -stacking dimers of 3. EPR signals of 1-3 show obvious tendency to 
broadening with increasing size of central metal atom, the anisotropy especially at low temperature, and 
relatively small g-factor values (< 2.000) in comparison with those of other metal phthalocyanine 
radical anion salts[6].   
 
Experimental Section 
Materials. AlIIIClPc (>85% purity), GaIIIClPc (>97% purity) and InIIIClPc (>98% purity) were 
purchased from Aldrich and were used without further purification. Tetrabutylammonium bromide 
(Bu4N
+)(Br) of 99% purity was purchased from TCI. Sodium fluorenone ketyl was obtained as 
previously described[37]. All manipulations for the syntheses of 1 - 3 were carried out in a MBraun 
150B-G glove box with controlled atmosphere and the content of H2O and O2 less than 1 ppm. Solvents 
were purified in argon atmosphere. o-Dichlorobenzene (C6H4Cl2) was distilled over CaH2 under 
reduced pressure and hexane was distilled over Na/benzophenone. The crystals of 1 - 3 were stored in a 
glove box. KBr pellets for IR- and UV-visible-NIR measurements were also prepared in a glove box. 
EPR and SQUID magnetic measurements were performed on weighed polycrystalline samples of 1 - 3 
sealed in 2 mm quarz tubes under 10-5 Torr.  
General. UV-visible-NIR spectra were measured in KBr pellets on a Perkin Elmer Lambda 1050 
spectrometer in the 250-2500 nm range. FT-IR spectra were obtained in KBr pellets with a Perkin-
Elmer Spectrum 400 spectrometer (400-7800 cm–1). EPR spectra were recorded for polycrystalline 
samples of 1 and 2 with a JEOL JES-TE 200 X-band ESR spectrometer equipped with a JEOL ES-
CT470 cryostat working between room and liquid helium temperatures. A Quantum Design MPMS-XL 
SQUID magnetometer was used to measure static magnetic susceptibility of 1 - 3 at 100 mT magnetic 
field in cooling and heating conditions in the 300 − 1.9 K range. A sample holder contribution and core 
temperature independent diamagnetic susceptibility (d) were subtracted from the experimental values. 
The d values were estimated by the extrapolation of the data in the high-temperature range by fitting 
the data with the following expression: M = C/(T - ) + d, where C is Curie constant and   is Weiss 
temperature. Effective magnetic moment (eff) was calculated with the following formula: eff = 
(8MT)1/2.  
Synthesis. Crystals of 1 - 3 were obtained by diffusion technique. A reaction mixture was filtered into a 
1.8-cm diameter, 50 mL glass tube with a ground glass plug, and then 30 mL of hexane was layered 
over the solution. Slow mixing of two solvents resulted in precipitation of crystals over 1 month. The 
solvent was then decanted from the crystals, and they were washed with hexane. The composition of the 
obtained salts was determined from X-ray diffraction analysis on a single crystal. Several crystals from 
one synthesis were found to consist of a single crystalline phase. Because of high air sensitivity of 1 - 3, 
elemental analysis could not be used to determine the composition since the salts reacted with oxygen in 
the air before the quantitative oxidation procedure could be performed. 
The crystals of (Bu4N)2{M
III(HFlO)Pc}(Br)1.5C6H4Cl2 (M = Al (1), Ga (2)) and 
(Bu4N)[In
IIIBrPc]0.875C6H4Cl20.125C6H14 (3) were obtained by the following procedure. AlIIIClPc 
(24 mg, 0.042 mmol for 1) or GaIIIClPc (25.8 mg, 0.042 mmol for 2) or InIIIClPc (26.4 mg, 0.042 mmol 
for 3) in 16 ml of C6H4Cl2 was reduced by a triple excess of sodium fluorenone ketyl (26 mg, 0.128 
mmol) in the presence of an excess of (Bu4N
+)(Br) (50 mg, 0.155 mmol) during 4 hours at 120oC to 
yield deep blue-violet solution. The solution was cooled down to room temperature and filtered into the 
tube for diffusion. Crystals of black color with characteristic copper luster were obtained as elongated 
plates and prisms for 1 and 2 (the yields are 52 and 44%, respectively) and as  prisms for 3 (the yield is 
62%).   
X-ray crystal structure determination. Crystal data of 1 at 150(2) K: C86H102AlBrCl3N10O, Mr = 
1506.02 g mol-1, black elongated plate, monoclinic, P 21/c, a = 12.8652(6), b = 22.7732(10), c = 
27.5698(12) Å,  = 99.82(3)o, V = 7959.1(6) Å3, Z = 4, dcalc = 1.257 gcm-3,   = 0.681 mm-1, F(000) = 
3184, 2max = 51.62o, reflections measured 82270, unique reflections 15300, reflections with I > 2(I) = 
11822, parameters refined 927, restraints 0, R1 = 0.0628, wR2 = 0.1857, G.O.F. = 1.051, CCDC 1530033.  
Crystal data of 2 at 150(2) K: C86H102GaBrCl3N10O, Mr = 1548.76 g mol
-1, black prism, monoclinic, 
P 21/c, a = 12.6360(11), b = 22.7281(18), c = 27.756(3) Å,  = 100.054(10) o, V = 7848.9(13) Å3, Z = 4, 
dcalc = 1.311 gcm-3,   = 1.015 mm-1, F(000) = 3256, 2max = 52.816o, reflections measured 71938, 
unique reflections 16111, reflections with I > 2(I) = 11001, parameters refined 932, restraints 316, R1 
= 0.1387, wR2 = 0.3043, G.O.F. = 1.172, CCDC 1530009.  
Crystal data of 3 at 85(1) K: C108H114.50Br2Cl3.50In2N18, Mr = 2178.20 g mol
-1, black prism, triclinic, 
P 1, a = 13.8496(2), b = 17.0611(3), c = 21.3800(3) Å,  = 90.084(1),  = 91.958(1),  = 98.5090(10)o, 
V = 4993.23(13) Å3, Z = 2, dcalc = 1.449 gcm-3,   = 1.414 mm-1, F(000) = 2232, 2max = 56.562o, 
reflections measured 61175, unique reflections 24257, reflections with I > 2(I) = 19857, parameters 
refined 1314, restraints 537, R1 = 0.0635, wR2 = 0.1823, G.O.F. = 1.044, CCDC 1530033.  
X-ray diffraction data for the crystals of 1 and 3 were collected on a Bruker Smart Apex II CCD 
diffractometer with graphite monochromated MoK radiation using a Japan Thermal Engineering Co. 
cooling system DX-CS190LD. Raw data reduction to F2 was carried out using Bruker SAINT.[38] X-ray 
diffraction data for 2 were collected on an Oxford diffraction "Gemini-R" CCD diffractometer with 
graphite monochromated MoK radiation using an Oxford Instrument Cryojet system. Raw data 
reduction to F2 was carried out using CrysAlisPro, Oxford Diffraction Ltd. The structures were solved 
by direct method and refined by the full-matrix least-squares method against F2 using SHELX 2013 and 
2014.[39] Non-hydrogen atoms were refined in the anisotropic approximation. Positions of hydrogen 
were calculated geometrically. One of two positions of solvent molecules is shared by both o-C6H4Cl2 
and p-C6H4Cl2 solvent molecules in the 0.356(4)/0.144(4) ratio. In contrast to 1 salt 2 most probably 
slowly losses solvent molecules and this process increases the disorder of the components in 2. As a 
result in contrast to 1 bromine anions are disordered between three positions in 2 with the occupancies 
of 0.429(3), 0.493(3) and 0.078(3) (total occupancy is 1). Structure of 3 also contains disordered 
components. One of two TBA+ cations is disordered between two orientation with the occupancies of 
0.864(8) and 0.136(8). Solvent C6H4Cl2 and C6H14 molecules are also disordered and share several 
positions in the 0.875(4)/0.125(4) ratio. To keep the anisotropic thermal parameters of the disordered 
atoms within reasonable limits the displacement components were restrained using ISOR, SIMU and 
DELU SHELXL instructions. That resulted in 316 and 537 restraints used for the refinement of the 
crystal structures of 2 and 3, respectively. 
Computational detail. DFT calculations based on the M11 functional[40] were performed using the 6-
31+G(d,p) basis set. For the full geometry optimization, “Opt = Tight” was specified, and frequency 
calculations confirmed no imaginary frequency. In the present DFT calculations, “Int =SuperFineGrid” 
was specified, and the stabilities of the wave functions were confirmed by specifying the “Stable = Opt” 
keyword. The subsequent natural bond orbital (NBO) analysis was performed using the NBO 
program.[41] The computations were performed with the Gaussian 09 program package.[42] 
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III(HFl-O)(Pc3)](Br)1.5C6H4Cl2 (M = Al (1), Ga (2)) containing 
aluminum(III) and gallium(III) phthalocyanine radical anions and diamagnetic fluoren-9-olato anions 
(HFl-O) coordinated to metal(III) centers and (Bu4N
+)[InIIIBr(Pc3)]Solvent (3) with indium(III) 
bromide phthalocyanine radical anions have been obtained. Their syntheses, crystal structures, optical 




D. V. Konarev,*  S.S. Khasanov, M. Ishikawa, Y. Nakano, A. Otsuka, H. Yamochi, G. Saito and  R. N. 
Lyubovskaya 
Page No. – Page No. 
Tetrabutylammonium salts of aluminum(III) and gallium(III) phthalocyanine radical  anions 





Supporting information.  
Table S1. IR spectra of the starting compounds and salts 1 - 3 















































































































































































































































































































































































































































































































































Fig. S1. IR spectrum of starting AlIIICl(Pc2) and salt 1 in KBr pellets. KBr pellet for 1 was  
prepared in the glove box. 
Fig. S2. IR spectrum of starting GaIIICl(Pc2) and salt 2 in KBr pellets. KBr pellet for 2 was  







































































































Fig. S3. IR spectrum of starting InIIICl(Pc2) and salt 3 in KBr pellets. KBr pellet for 3 was prepared 
in the glove box. 
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Fig. S4. Temperature dependences of effective magnetic moment (a) and reciprocal magnetic 
susceptibility of polycrystalline 2 (b). 
a b 
a b 
Fig. S5. Temperature dependences of effective magnetic moment (a) reciprocal magnetic 



































































Fig. S6. EPR signal of polycrystalline 2 at 293 (a) and 4.2 K (b). The fitting of the signal by 
several Lorentzian lines is shown in middle and bottom; Temperature dependence of g-factor (c) 
and linewidth (d) of EPR signal of 2. Temperature of splitting of EPR signal into three (T1) and 
four (T2) lines. 
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J/kB = −1.1 K 
Fig. S7. Fitting of the experimental data (black squares) for polycrystalline salt 1 by the 
Heisenberg model for two-dimensional square antiferromagnetic coupling of spins1 with 
exchange interaction J/kB = − 1.1 K (red).   
Fig. S8. Fitting of the experimental data (black squares) for polycrystalline salt 2 by the 
Heisenberg model for two-dimensional square antiferromagnetic coupling of spins1 with 
exchange interaction J/kB = − 0.9 K (red). 










































1. M. E. Lines, J. Phys. Chem. Solids 1970, 31, 101–l16. 







J/kB = − 10.8 K 
Fig. S9. Temperature dependence of molar magnetic susceptibility of 3 (black squares) and 
approximation of the data by the Heisenberg model for pairs of antiferromagnetically coupling spins2 




Table S2. Symmetry (Sym), number of imaginary frequencies (Nimag), state, total and relative energies 
(E and ΔE), and ۦS2ۧ values of [Al(HFlO)(Pc3)] and [Al(Fl=O)(Pc3)]2 calculated at the 
UM11/6-31+G(d,p) level of theory 
 Sym NImag State E / hartree ΔE / K ۦS2ۧ 
[Al(HFlO)(Pc3)] C1 0 2A −2484.67848 − 0.822 
       
[Al(Fl=O)(Pc3)]2 C1 0 1A −2484.07236 0 1.134 




Table S3. Charge and spin densities in the 2A state of [Al(HFlO)(Pc3)] and the 1A state of 
[Al(Fl=O)(Pc3)]2 by Mulliken and natural population analyses at the UM11/6-31+G(d,p) level of 
theory. 
 Charge  Spin 
 MPAa NPAb  MPAa NPAb 
[Al(HFlO)(Pc3)]      
Al −0.201 2.020  −0.016 −0.002 
Pc −1.164 −2.258  1.009 1.000 
HFlO 0.365 −0.760  0.007 0.002 
      
[Al(Fl=O)(Pc3)]2      
Al 0.126 2.024  0.030 0.003 
Pc −1.702 −2.236  −0.999 −0.991 
Fl=O 0.576 −0.787  0.969 0.988 









Figure S10. (a) Top and (b) side views of optimized structure in the 1A state of [Al(Fl=O)(Pc3)]2 at 
the UM11/6-31+G(d,p) level of theory. (c) Top and (d) side views of the spin density distribution, 
where the isosurface value is 0.0016 electron/au3. The isosurfaces in blue and green denote the positive 
and negative spin density, respectively. 
 
 
 
 
